ABSTRACT Motivation: Glycan chains are synthesized by a combination of several kinds of glycosyltransferases (GTs). Thus, once we know the repertoire of GTs in the genome, in the transcriptome or in the proteome, it should in principle be possible to predict the repertoire of possible glycan structures in an organism or at a specific stage of the cell. Here, we show that a repertoire of glycan structures can be predicted from the set of GTs in the transcriptome. That is, using knowledge about glycan structure characteristics, we can predict glycan structures from incomplete or noisy data such as DNA microarray data. Results: First, we constructed a reaction pattern library consisting of bond-formation patterns of GT reactions and investigated the co-occurrence frequencies of all reaction patterns in the glycan database. This was followed by the prediction of glycan structures using this library and a co-occurrence score. A penalty score was also implemented in the prediction method. Then we examined the performance of prediction by the leave-one-out cross validation method using individual reaction pattern profiles in the KEGG GLYCAN database as virtual expression profiles. The accuracy of prediction was 81%. Finally, we applied the prediction method to real expression data. Using expression profiles from the human carcinoma cell, glycan structures with sialic acid and sialyl Lewis X epitope were predicted, which corresponded well with experimental results.
INTRODUCTION
Glycans, which attach to some lipids and Asn/Ser/Thr residues of proteins, draw attention as the third type of biological chain next to DNA and proteins, since they play key roles in many biological processes such as fertilization (Vo et al., 2003) , embryogenesis (Schachter et al., 2002) , immunity (Rudd et al., 2001 ) and diseases (Birkle et al., 2003; Brockhausen et al., 1998; Hakomori, 2002) . Half of the proteins in nature are glycosylated, based on estimates by the analysis of the Swiss-Prot database (Apweiler et al., 1999) . It is proposed that the glycosylated proteins in the cell membrane and glycosylated lipids form a lipid raft, and that they are involved in signal transduction (Simons and Toomre, 2000) . It is well known that some pathogenic bacteria and viruses infect their hosts via glycan-receptor interactions (Cossart and Sansonetti, 2004; Sacks and Kamhawi, 2001) . Since glycans may have many functions such as localization signaling, protein stabilization, degradation signaling, signal transduction and immune reaction via glycan-glycan (Bucior and Burger, 2004) and/or glycan-protein interaction (Kogelberg et al., 2003; Weis and Drickamer, 1996) , it is important to understand glycan functions for understanding life.
To understand glycan functions, determination of their structures (sequences) like DNA and proteins is required. In spite of the improvements in purification and analytical methods for glycans such as high performance liquid chromatography, capillary electrophoresis, mass spectrometry and nuclear magnetic resonance technology (von der Lieth et al., 2004) , the determination of the glycan structure is still difficult. Glycans have more complicated structures compared to nucleotide and amino acid sequences. While nucleotide and amino acid chains are linear and consist of 4 and 20 elementary components, respectively, glycan chains are branched structures and consist of various monosaccharides. In addition, they are multivalent, and linkages have anomeric configurations (alpha and beta). These complexities make it difficult to determine glycan structure. Furthermore, the amplification method of glycan is not yet fully established, while DNA and proteins are easy to amplify using polymerase chain reactions and cloning-expression systems, respectively. This means that only a few samples are available for glycan structure analysis. Therefore, a reasonable prediction method for glycan structures is useful for glycomics research.
While the amino acid sequence of proteins is determined by the genetic code and the templates in the genome, the carbohydrate sequence of glycans is determined by the biosynthetic code, which is a specific set of biosynthetic reactions catalyzed by different types of glycosyltransferases (GTs). Each GT catalyzes formation of a glycosidic-bond between the glycan precursor as an accepter and the nucleotide-activated sugar as a donor (Varki et al., 1999) . Thus, once we know the repertoire of GTs in the genome, in the transcriptome or in the proteome, it should, in principle, be possible to predict the repertoire of possible glycan structures in an organism or at a specific stage of the cell (von der Lieth et al., 2004) . Here, we construct a reaction pattern library consisting of bond-formation patterns of GT reactions to link genome to glycome, and we predict glycan structures from gene expression profiles.
However, gene set on DNA chips is incomplete, and gene expression data is noisy. To obtain appropriate prediction result, we extract knowledge of glycan structure from the glycan database and apply it to our prediction method. In particular, a co-occurrence frequency of reaction patterns is calculated from the KEGG GLYCAN database, which is a comprehensive resource encapsulating the latest knowledge of glycans and a part of the KEGG resource containing genomic information and pathways (Kanehisa et al., 2004; Hashimoto et al., 2005a) , and we use it together with the reaction pattern library. First, we evaluate the prediction method using virtual expression data generated from the KEGG GLYCAN database. Then, we apply our method to publicly available DNA microarray expression data and find characteristic glycan structures in a particular cell.
DATASET
A relationship of our dataset is shown in Figure 1 .
Glycosyltransferase reactions
In order to construct a GT reaction library, GT genes were obtained from the human genome in the KEGG GENES database (Kanehisa et al., 2004) based on their annotations. The reaction specificity of each GT was determined according to the published literature and was characterized by the following three features: (1) acceptor monosaccharide residue in the glycan chain, (2) the donor monosaccharide residue and (3) the linkage between them (Fig. 2) . In the human genome, currently, 98 GT genes are annotated, and the reaction pattern library contains 42 reaction patterns (Supplemental data S1). The reaction pattern library consists of nine kinds of monosaccharides: glucose (Glc), galactose (Gal), mannose (Man), N-acetyl-glucosamine(GlcNAc),N-acetyl-galactosamine(GalNAc), fucose (LFuc), xylose (Xyl), glucuronic acid (GlcA) and N-acetylneuraminic acid (¼ sialic acid, Neu5Ac). The number of reaction patterns was less than that of GT genes because the human genome has paralogous genes encoding similar functional proteins. For example, the enzyme reactions of ST8SIA1 (Entrez GeneID: 6489), ST8SIA2 (Entrez GeneID: 8128), ST8SIA3 (Entrez GeneID: 51046), ST8SIA4 (Entrez GeneID: 7903) and ST8SIA5 (Entrez GeneID: 29906) are all the same under our definition of 'Neu5Ac a2-8 Neu5Ac' (see Supplemental data S1).
Glycan structures
The primary glycan structures were collected from the KEGG GLYCAN database (rel.32, http//www.genome.jp/kegg/glycan/), which contains 10 938 entries. To obtain glycan entries consisting of only carbohydrates, non-carbohydrate residues in the entries, such as Cer (ceramide), Asn, Ser/Thr, S (sulfate) and P (phosphate) were deleted and duplicated structures were merged. Furthermore, glycan entries including monosaccharides that are not present in the reaction library were removed. Finally, our dataset contained 4107 glycan entries.
Microarray expression data
DNA microarray expression profiles of human were obtained from the Consortium for Functional Glycomics (CFG) (http://www. functionalglycomics.org/static/consortium/organization/sciCores/ coree.shtml). CFG has published statistically processed DNA microarray data with expression status, indicated 'P'resent, 'M'arginal and 'A'bsent, from five experiments using human cell such as lung, leukemia and carcinoma cell lines (Supplemental data S2). GT genes were collected from the expression profiles with their annotations and accession numbers. Corresponding to 37 reaction patterns 80 GT genes were mounted on the arrays (Supplemental data S1). When a GT gene was found to be expressed (P) in the majority of the same experimental conditions, it was determined to be positively expressed.
RESULTS

Co-occurrence score
Although glycan structures are diverse, many combinations of reaction patterns are conserved. For example, both 'GlcNAc b1-4 GlcNAc' and 'Man b1-4 GlcNAc' are components of the N-glycan core. To obtain an optimal prediction result from DNA microarray expression data, we introduced a co-occurrence score between the reaction patterns calculated from the current glycan database (KEGG GLYCAN). All glycan structures in the database were broken down into reaction pattern components consisting of two adjacent monosaccharides and their linkage, from which a 'reaction pattern matrix' was constructed. Here, the correlation coefficient [S P , Equation (1)], the Tanimoto coefficient [T C , Equation (2) GT reaction library the Cosine coefficient [S C , Equation (3)] between reaction patterns in the matrix were used as the co-occurrence score.
where x i represents reaction pattern vector for reaction pattern i. Thus x i (k) gives the number of reaction patterns of the k-th element in the reaction vector i. x x i is the average of the values in reaction pattern vector i.
Next, we investigated the relationship between the reaction patterns using the hierarchical clustering method. The Ward clustering (Ward, 1963) dendrogram was obtained using the R version 1.9.0 statistics program (http://www.r-project.org/). The co-occurrence score of the reaction patterns appearing higher in the database (top 50 of 302 reaction patterns) was calculated, and the scores were converted into negative values for the clustering. The result of cluster analysis using the scores calculated with the Cosine coefficient is shown in Figure 3 . The clustering can be divided into groups according to structural features of glycans. Cluster I corresponds to the reaction pattern in the N-glycan core, including 'GlcNAc b1-4 GlcNAc', 'Man b1-4 GlcNAc' and 'LFuc a1-6 GlcNAc' and their terminal/internal structures such as 'Neu5Ac a2-6 Gal' and 'Gal b1-4 GlcNAc'. Cluster II consists of the reaction patterns in the O-glycan and glycolipid core such as 'Gal b1-3 GalNAc' (O-glycan core 1), 'GlcNAc b1-6 GalNAc' (O-glycan core 2) and 'Gal b1-4 Glc' (lactosyl ceramide) and their terminal structures such as 'Neu5Ac a2-6 GlcNAc' and 'LFuc a1-4 GlcNAc'. Cluster III consists of proteoglycan chains, and clusters IV and V contain the components of polysaccharides including xyloglucans and galactomannans, respectively. Thus, reaction patterns conserved in core structures were assembled into the same group, indicating that the coefficient score accurately represents the co-occurrence of reaction patterns conserved in the glycan entries. In the case of using other coefficients, although the topology of the dendrograms was slightly different, reaction patterns in the same core sub-structures also fell into the same groups (see Supplemental data S3 and S4).
Prediction method and evaluation
To evaluate the usefulness of GT reaction library, we developed a prediction method and evaluated its performance. When an expression profile is given as a query, it is converted to an 'expressed reaction pattern list', Q = {q 1 , q 2 , . . . , q n }. Then, the glycan structures that contain each query reaction pattern are searched for in the database. The score for each candidate glycan, S E , is calculated as follows:
where S B is the co-occurrence score between the query reaction pattern (q) and the reaction pattern in the candidate glycan structure (b, B = {b 1 , b 2 , . . . , b m }) and m represents the number of reaction patterns in the candidate glycan structure. In this scoring system, the sum of the co-occurrence score between the query reaction pattern and reaction pattern in the candidate glycan structure is calculated and normalized by the number of reaction patterns in the candidate glycan structure. This operation is repeated against all query reaction patterns.
To test the accuracy of prediction, the reaction pattern list in each glycan structure from the database was used as a virtual expression profile, and the performance of prediction was evaluated with the leave-one-out cross validation method. The evaluation method is summarized in Figure 4 . One glycan profile was removed from the 'reaction pattern matrix' (Fig. 4A) , and the 'co-occurrence score matrix' (Fig. 4C) was calculated from the 'training matrix' (Fig. 4B) using the three coefficients. In the case that a co-occurrence score could not be calculated, 1 was used between the same reaction patterns, and 0 was used otherwise. The removed glycan profile was converted into a binary 'virtual expression profile' indicating that a pattern exists (1) or not (0) because real expression profiles are generally qualitative rather than quantitative and it is only clear that a gene is expressed (1) or not (0). Furthermore, the virtual Fig. 3 . The cluster dendrogram of the co-occurrence of the reaction patterns in the glycan database. This dendrogram was drawn using the Ward method using the negative value of the cosine coefficient as distance. The clusters were divided into six groups. Cluster I consists of N-glycan core reaction patterns, and cluster II consists of O-glycan and glycolipid cores. Clusters III, IV and V contain the components of proteoglycan, xyloglucan and galactomannan, respectively. Other dendrograms, drawn using the correlation coefficient and the Tanimoto coefficient, are shown in the supplemental data S3 and S4, respectively. expression profile was converted into the 'expressed reaction pattern list' (Fig. 4D) . S E was calculated using the 'co-occurrence score matrix' (Fig. 4C ) and the 'expressed reaction pattern list' (Fig. 4D) , and all predicted glycan structures were sorted by score (Fig. 4E) . The rank of the query glycan in the predicted glycans was detected. This operation was iterated for every glycan as the query profile. The accuracy of prediction was defined as the ratio of the query glycan predicted within the given ranks. The random data was generated by shuffling the prediction results and evaluating the rank. Figure 5 shows the accuracy of the prediction. The prediction results using all co-occurrence scores clearly performed well compared with those using random data. In particular, the cosine coefficient had the best performance; 72% of all entries could be predicted among the top 10 of the prediction results. The fact that the distribution of values in the matrix was not normal and that most of the values was 0 might have resulted in the low accuracy of prediction using the correlation coefficient and the Tanimoto coefficient.
As described above, expression data are binary, so it is possible to determine whether one enzyme is expressed or not. To improve Fig. 4 . The scheme of the evaluation method. In this figure, G01802 is used for a query as an example. (A) The 'reaction pattern matrix' of the glycan database, which consists of 4107 glycan structures and 302 reaction patterns, is shown. The number in the matrix represents the frequency of appearance of the specific reaction pattern in each glycan. (B) A 'training matrix' for evaluation prepared from (A) by removing the query glycan. (C) A 'co-occurrence score matrix', which is a diagonal 302 · 302 matrix, calculated from (B). In this example, the scores are calculated using the cosine coefficient. (D) A 'expressed reaction pattern list', which is a list of expressed reaction patterns in the virtual expression profile converted from the query reaction pattern distribution. (E) The prediction results from the virtual expression profile with the score matrix (C). Rank, ID number in KEGG GLYCAN, structure and score are shown, and the gray square represents the query glycan. This operation is repeated for all entries in the database. Prediction of glycan structures the accuracy of the prediction, we implemented a penalty score into the system.
where
where p is the penalty score, which is applied when a reaction pattern in a candidate glycan structure does not exist in the expressed reaction pattern list. Figure 6 shows the accuracy of the prediction with the penalty score. Implementation of the penalty score improved the accuracy of the prediction using the cosine coefficient as the co-occurrence score. For example, the ratio of the query glycan appearing among the top 10 of the prediction results was improved from 72 to 81%. The performance of the prediction using all other coefficients also improved by the implementation of the penalty score with $4-5% improvement for every coefficient (Supplemental data S5).
To investigate the possible causes of false positive results, we looked at the individual results. An example of a falsely predicted glycan structure is shown in Figure 7 . The virtual expression profile from G10095 (G number is entry ID of the KEGG GLYCAN database) as the query resulted in G04790 as the top score (5.229), while the query glycan was predicted as the 279th (3.513) among 1750 predicted glycans. Although glycans that have a large number of reaction patterns and repeated structures such as N-acetyllactosamine (Gal b1-4 GlcNAc) tend to give more false positive, a fundamental core structure was commonly observed. In the example of Figure 7 , the hybrid type N-glycan core structure (GlcNAc n -Man 3 -GlcNAc 2 ) was shared among the top-scoring predicted entries.
While the accuracy of the prediction within the top 10 predicted glycans was >80%, the accuracy of the prediction of the top score was $50%. In particular, glycans with high-scored repeat sequence tend to falsely predict. However, almost every glycan predicted as the top score was similar in structure to each other (e.g. Fig. 4E ). Furthermore, various glycans are expressed in the same cell, regardless of the set of GTs expressed (Mortz et al., 1996) . Thus, we claim that our prediction results were rather favorable.
Application to DNA microarray data
Finally, we applied our novel prediction method to real DNA microarray expression data. It is noted that GTs mounted on the array are limited. In the application of our prediction method to real expression profiles, the penalty score may be falsely assigned to practically expressed but unidentified GTs. In this study, however, we presumed that all GTs corresponding to reaction patterns on the microarray have been identified, since homologous enzymes may catalyze the same reaction and can be found easily from genome data using homology search. When a reaction pattern in a candidate glycan was not on the CFG microarray, we did not apply the penalty score to the prediction method. Here, we give examples of the predicted results from the human carcinoma U937 cell line (supplemental data S6). Top 10 of predicted glycans are G05467 (score: 2.627), G05814 (2.627), G04844 (2.568), G11846 (2.549), G04206 (2.442), G04056 (2.421), G00197 (2.419), G10271 (2.419), G10278 (2.419), G00193 (2.413) and G00194 (2.413). Their structures are listed in supplemental data S7, and some representative examples are shown in Figure 8 . Briefly, they can be divided into two groups, the hybrid type N-glycans and ganglioside. Although they have different core structures, they share the non-reducing end terminal structure, sialic acid (Neu5Ac) and fucose, and the internal N-acetyllactosamine structure (Gal b1-4 GlcNAc). Some predicted glycans contain sialyl Lewis X epitope [Neu5Ac a2-3 Gal b1 (LFuc a1-3) 4 GlcNAc]. It has been reported that carcinoma cells overproduce sialyl Lewis X epitope and terminal sialic acid (Kim and Varki, 1997) , supporting our prediction results. Structure of G04790, which is the top predicted glycan using the reaction patterns of G10095 as the virtual expression profile. Gray area represents the shared hybrid type N-glycan core.
As indicated above, not all GT have been identified and mounted on the array. The glycan database used here contained 302 kinds of reaction patterns, but only 98 GT genes corresponding to 42 reaction patterns (14%) were identified from the human genome. Furthermore, only 80 GT genes corresponding to 37 reaction patterns (12%) were mounted on the CFG microarray. More identification of GTs and update of DNA chips are required for more improvement of our prediction method to apply to real expression data.
DISCUSSION
We developed a new method for the prediction of glycan structures from expression profiles. First, we constructed a reaction pattern library of GTs. Based on the annotations of the genome 98 GT genes were collected from the human genome. Although it is believed that GT enzymes generally recognize two or three monosaccharide residues of an acceptor glycan (Nakayama et al., 1997; Narimatsu, 2004) , only a few enzymes have their exact acceptor residue determined (Kakuda et al., 2004) , and it has come to be known that some enzymes recognize different acceptor residues depending on their condition (Ramakrishnan et al., 2004) . Regardless, at the least, the acceptor monosaccharide residue to which the donor monosaccharide is added at the non-reducing end has been elucidated in most enzymes. Thus, we defined the reaction pattern of GT genes as the combination of donor monosaccharide, acceptor monosaccharide and the linkage between them (Fig. 2) .
In our reaction pattern rule, many possible reaction patterns can be determined. Although 558 reaction patterns can be determined theoretically from 9 monosaccharides included in the library, only 302 patterns (54.12%) appear in the database. Furthermore, while an enormous number of reaction pattern combinations are possible (2 558 -1), only 2178 reaction pattern combinations actually appear in the database. This suggests that the structure of glycans is of great variety, but that the actual combination of reaction patterns is limited. Thus, we used co-occurrence between each reaction pattern as a score for prediction when an expression profile is provided. We make note that in our virtual experiment on expression data, the prediction was made for a single glycan structure for simplicity. However, in real experiments the nature of the data is complex in that it is a mixture of multiple glycan structures and responsible gene sets. Therefore, our prediction method should be considered as an upper bound.
In this study, we have challenged for the first time the prediction of glycan structures from genomic data, including GT expression data. This method has the advantage that it applies to any expression data, not only to DNA microarray expression profiles but also to protein expression profiles. Since the determination of glycan structure is still difficult in spite of the recent improvements in analytical technology, it is important to predict glycan structures using reasonable data such as DNA microarray expression profiles and protein array profiles. For further improvement of prediction, introduction of a relative position score between two reaction patterns in the glycan structure may be effective. In addition, the scoring method employed here depends on the training dataset. There may be some data biases, i.e. the glycans that bind to antibodies or lectins with high affinity are easy to purify and to determine their structures. The preparation of the training dataset also admits of improvement. Furthermore, the final glycan product is determined not only by GTs, but also by sugar metabolic enzymes, which synthesize and degrade monosaccharides, transporters, which transfer nucleotide activated sugar from cytoplasm to endoplasmic reticulum and Golgi apparatus, and glycosidases, which trim and degrade the glycan (Yarema and Bertozzi, 2001) . Moreover, the conditions of the reaction field, such as pH, temperature, ion concentration, substrate concentration and product concentration, affect the activity of such enzymes (Ramakrishnan et al., 2004) . Increasing the accuracy of the prediction requires the incorporation of such information of these enzymes and the condition of the reaction field. Furthermore, combining this method with other data such as mass data and antibody binding profiles will improve the accuracy of prediction.
In addition, the composite structure map (Hashimoto et al., 2005b) is created by connecting glycan structures in KEGG GLYCAN like metabolic pathways, and it is possible to map DNA expression data. Combination of our method and the composite structure map not only improves accuracy of prediction but also predicts glycan structures that are absent in KEGG GLYCAN and reveals glycans biosynthetic pathways.
The glycan structure prediction has been improved by combining glycan structural data and knowledge of glycans. For example, our method combined DNA microarray expression data and cooccurrence of reaction pattern to improve the prediction method, and the availability of the known repertoire of glycan structures in a given cell line allowed the validation of the prediction method. Furthermore, other glycan data analyzed by chromatograph, nuclear magnetic resonance and mass spectrometry would also enable better glycan structure prediction. Combination of various type data will permit improvement of glycan structure characterization.
Recently, prognostic expectation and appropriate use of medications adapted for individuals is possible using genotype data (SNPs) and expression data (Efferth and Volm, 2005; Ferrando and Look, 2004) . However, it is almost unknown what types of pathways mediate genotype/transcriptotype to phenotype. The prediction of glycan structures from expression profiles illustrates a part of the pathway from transcriptotype to phenotype, and enables higher precision treatment and medication.
